We have isolated PcGA3ox1, a cDNA clone from developing runner bean (Phaseolus coccineus) seeds that shows significant amino acid homology with the gibberellin (GA) 3-oxidases. A recombinant fusion protein of PcGA3ox1 converted GA 20 and GA 9 to GA 1 and GA 4 , respectively. In situ hybridization results showed that transcripts of this gene accumulate specifically within the suspensor of globularstage embryos. PcGA3ox1 mRNA begins to accumulate in the epidermal cells of the embryo proper and is also detectable in the endosperm during the transition from globularto heart-stage embryos. PcGA3ox1 transcripts were localized exclusively in the cotyledons from the early cotyledonary stage up to the cotyledonary stage. Transcripts of the previously cloned GA 2-oxidase (PcGA2ox1) from developing seeds of runner bean were found primarily within the suspensor neck region from the late globular stage up to the heart stage. PcGA2ox1 mRNA was detectable in the whole suspensor from the early cotyledonary stage, and was found in the inner layer of integuments at the cotyledonary stage. Soluble enzyme preparations made from suspensors and embryos at two stages of embryogenesis (the heart and cotyledonary stages) were incubated with [
Introduction
Embryogenesis in higher plants begins when the zygote undergoes an asymmetric division producing two daughter cells of different sizes and destinies. The smaller apical cell undergoes many rounds of organized cell division and gives rise to the embryo. In contrast, the larger basal cell divides only a few times; it contributes to the root cap and to a portion of the root meristem, but principally gives rise to the suspensor (West and Harada 1993) . The suspensor connects the embryo proper to the maternal tissue and is thought to be a source of nutrients and growth factors that support embryo development. The suspensor senesces after the heart stage of embryogenesis and is not present in the mature embryo (Yeung and Meinke 1993) . The massive suspensor of Phaseolus coccineus (runner bean) has classically been used for experimental studies requiring physical manipulation and biochemical assays (Nagl 1974 , Yeung and Clutter 1978 , Yeung and Clutter 1979 , Yeung and Meinke 1993 .
The runner bean suspensor is much larger than the suspensor of Arabidopsis and is an excellent model system to search for genes expressed during the early events of plant embryogenesis (Weterings et al. 2001) .
Developing seeds of dicotyledonous plants, such as Leguminosae, contain large amounts of gibberellins (GAs). The immature seeds of runner beans, from which GAs were first isolated (MacMillan 1997) , are a rich source of many different GAs (Albone et al. 1984) . Since 1975, our attention has focused on the distribution of GAs within the constituent seed parts of runner beans in an attempt to elucidate their role in seed development (Alpi et al. 1975) . The results, obtained by extracting 500 suspensors and embryos at two stages of embryogenesis (the heart-shaped and cotyledonary embryo stages), showed that the suspensor was a rich source of GAs. The next logical step was to identify the GAs in the single seed parts. A great diversity of GAs were identified in the P. coccineus suspensor, embryo and integuments using gas chromatographymass spectrometry (GC-MS; Picciarelli and Alpi 1986 , Piaggesi et al. 1989 , Picciarelli et al. 1994 . The suspensors are not only rich sources of GAs but are also capable of synthesizing this hormone. Cell-free extracts prepared from suspensors were used to demonstrate that suspensor cells contain all the enzymes that are necessary to convert labelled precursors into GAs (Ceccarelli et al. 1979 , Ceccarelli et al. 1981 .
Biologically active GAs are produced from geranylgeranyl diphosphate (GGDP) by the sequential action of three dif-ferent classes of enzymes: terpene cyclases, cytochrome P450 monooxygenases and soluble 2-oxoglutarate-dependent dioxygenases (2ODDs; Hedden and Kamiya 1997) .
Two dioxygenases, GA 20-oxidase (GA20ox) and GA 3-oxidase (GA3ox), are required to convert GA 12 and GA 53 by parallel pathways to the various GA intermediates and bioactive GAs (GA 4 and GA 1 , respectively). A third dioxygenase, GA 2-oxidase (GA2ox), introduces a hydroxyl group at the 2β position, inactivating the GA molecule so that it cannot be converted into active forms. cDNA and genomic clones encoding most of the enzymes involved in GA biosynthesis have been isolated and characterized from many species (Hedden and Kamiya 1997 , Lange 1998 , Hedden and Phillips 2000 , Yamaguchi and Kamiya 2000 , Olszewski et al. 2002 . The availability of these genes has provided new information on GA biosynthesis. There is much evidence, from the examination of the expression patterns of later genes in the pathway (GA 20-oxidase, GA 3-oxidase and GA 2-oxidase), that the level of bioactive GAs is likely to be controlled by modulating both their synthesis and catabolism.
It has been reported that some of the cloned GA 3-oxidase genes [GA4 in Arabidopsis thaliana; Le in Pisum sativum; Le3OH-1 in Lycopersicon esculentum; Cv3h in Citrullus lunatus (C. vulgaris); and Cm2,3ox and Cm3ox in Cucurbita maxima] are expressed specifically in developing seeds or immature fruits. The GA4 gene of A. thaliana is expressed in siliques (Chiang et al. 1995) and the Le gene of peas is expressed in developing seeds (Martin et al. 1997 , Ozga et al. 2003 . Transcripts of the Le3OH-1 gene were detected during early fruit development in tomatoes (Rebers et al. 1999 ). The Cv3h gene was expressed in the inner portions of the seed (Kang et al. 2002) . Two GA 3-oxidases, Cm2,3ox (Lange et al. 1997) and Cm3ox (Frisse et al. 2003) , were isolated from immature pumpkin seeds. Among the currently known 3β-hydroxylases, the Cm2,3ox gene (which is expressed in pumpkin endosperm) is the only bifunctional enzyme that catalyses both 3-and 2-oxidation (Lange et al. 1997) . Transcripts encoding Cm3ox were specifically expressed in the embryo (Frisse et al. 2003) .
Genes for GA 2-oxidases have been cloned from A. thaliana and P. coccineus (Thomas et al. 1999) , P. sativum (Lester et al. 1999 , Martin et al. 1999 and Oryza sativa (Sakamoto et al. 2001 , Sakai et al. 2003 . In peas and runner beans, the cDNA encoding GA 2-oxidases were isolated from maturing seeds. In A. thaliana transcripts, two of the three 2-oxidase genes were found in siliques.
Despite the accumulation of large amounts of GAs in developing seeds, little is known about their physiological role. The best evidence for a physiological role of GAs in seed development has come from two GA-deficient dwarf pea mutants-ls-1 and lh-2 (Ait- Ali et al. 1997 ). The ls-1 mutation plays an important role in pea seed development in the first few days after fertilization, but not in older seeds (Ait-Ali et al. 1997) . The lh-2 mutation causes a reduction in the endogenous GA levels of young seeds and reduces seed growth, final seed size and survival .
To understand the role of GAs in seed development, it is necessary to study how hormone concentrations are regulated and to determine the cellular sites of synthesis. Promoter:β-glucuronidase (GUS) reporter expression or in situ RNA hybridization have been used to study the expression pattern of several GA biosynthesis genes during plant development (Phillips et al. 1995 , Silverstone et al. 1997 , Cowling et al. 1998 , Itoh et al. 1999 , Kang et al. 1999 , Rebers et al. 1999 . These approaches have revealed that the expression of the genes for GA biosynthesis is strictly regulated during plant growth and development, and, in some plants, these approaches have helped to identify the tissues in which active GAs are produced and in which cells respond to GA signals (Yamaguchi et al. 2001 , Frisse et al. 2003 , Kaneko et al. 2003 , Ogawa et al. 2003 .
In the present study, we report the isolation and characterization of the GA 3-oxidase gene from the young seeds of P. coccineus. Using in situ hybridization, we localized GA 3-oxidase and GA 2-oxidase transcripts in the developing seeds of runner bean. The expression patterns of these two enzymes were compared with the enzyme activities determined by cellfree systems that were prepared from suspensors and embryos at two stages of embryo development.
Results
RT-PCR with degenerate primers for isolation of a full-length GA 3-oxidase Degenerate primers for GA 3-oxidase were designed on the basis of published and unpublished (a study of Phaseolus vulgaris by Kobayashi and Kamiya, personal communication) sequences from other species, as described in Materials and Methods. The embryo-suspensor system was used as the source of total RNA. Only the combination of primer 3-5 (sense) and 3-3 (antisense) gave a cDNA fragment of the expected fulllength size (1.0 kb). The polymerase chain reaction (PCR) fragment was cloned into the pT7-blue vector. All the cDNAs sequenced were identical and contained a 1,023 bp open reading frame encoding a polypeptide region of 340 amino acids (PcGA3ox1).
Alignment of the amino acid sequence of P. coccineus PcGA3ox1 with those of other GA 3-oxidases confirmed that it belongs to the same class of enzymes and contains the sequences that are conserved within the class, including His220, Asp222 and His276 (numbers refer to PcGA3ox1 sequence), which, by analogy to other 2ODDs, binds Fe at the active site.
Of the 2ODDs, the PcGA3ox1 protein showed about 40% amino acid identity with the 3β-hydroxylases of other plants. Phylogenetically, the PcGA3ox1 gene is more closely related to the watermelon GA 3-oxidase (Kang et al. 2002) than to the GA 3-oxidase from Pisum sativum (Martin et al. 1997) (Fig. 1) .
PCR with genomic DNA
The same degenerate primers were also used for PCR analysis with genomic DNA that was extracted from young leaves of P. coccineus. Three fragments of about 2.0, 2.3 and 1.3 kb were obtained using the following combinations of primers: 1-3 (antisense) and 1-5 (sense), 2-3 (antisense) and 2-5 (sense), and 3-3 (antisense) and 3-5 (sense), respectively. This means that there are at least two other GA 3-oxidase genes in the genome of P. coccineus.
All the fragments were cloned into the pT7-blue vector and all the inserts sequenced. The fragment of 1.3 kb was identical to PcGA3ox1 except for one intron of 134 bp starting from base number 468.
Heterologous expression in Escherichia coli
The catalytic properties of the recombinant protein obtained by expressing PcGA3ox1 in Escherichai coli were examined by incubating with the substrates [
14 C]GA 20 and GA 9 . Products were separated by HPLC and identified by GC-MS. The recombinant PcGA3ox1 protein converted GA 20 to GA 1 (Table 1) . GA 29 and GA 8 were not detected in the products, indicating that the recombinant protein does not possess any 2β-hydroxylase activity against GA 20 or its product GA 1 . The incubation of GA 9 with the PcGA3ox1 protein produced GA 4 .
Localization of expression of PcGA3ox1 and PcGA2ox1 mRNAs in developing seeds
We used in situ hybridization to identify the seed regions that contained PcGA3ox1 and PcGA2ox1 mRNAs during embryo development in runner beans. The results are shown in Figures 2 and 3. The range of developing seeds investigated (3-15 mm in length) were characterized by the following stages of embryo development: 3-4 mm, globular stage; 5-6 mm, heart stage; 7-9 mm, early cotyledonary stage; 10-15 mm, cotyledonary stage.
Localization of PcGA3ox1 mRNA
In the 3 mm seeds, PcGA3ox1 mRNA is localized specifically in the suspensor ( Fig. 2A) . No PcGA3ox1 hybridization signals were detected above background level in the embryo proper or in any non-embryonic tissue of the developing seeds using a sense probe ( Fig. 2G and data not shown).
In the 4 mm seed, the PcGA3ox1 antisense RNA probes hybridized specifically with transcripts in the suspensor, endosperm and in epidermal cells of the embryo proper (Fig. 2B) . Fig. 2C is a longitudinal section of a 5-6 mm seed. PcGA3ox1 mRNA is detectable in the suspensor and, in the cotyledons, specifically in the epidermal cells. In contrast, no PcGA3ox1 hybridization signals above background level were visualized in any embryonic or non-embryonic tissues using a sense probe (Fig. 2G ).
As shown in Fig. 2D , E and F, the PcGA3ox1 mRNA probe was detectable exclusively in the cotyledons of the sections taken from the early cotyledonary stage (Fig. 2D , E) to the cotyledonary stage (Fig. 2F ). All figures (Fig. 2D , E, F) show that PcGA3ox1 mRNA was more concentrated in the cotyledonary epidermis. No PcGA3ox1 hybridization signals above background level were detected in the cotyledons using a sense probe (Fig. 2H) . Fig. 1 Inferred phylogenetic relationship of amino acid sequences of the selected GA 3-oxidases: Phaseolus coccineus, PcGA3ox1 (accession no. AJ854305); Arabidopsis thaliana, AtGA4 (D86289) and AtGA4H (T51691); Lycopersicon esculentum, LeOH-1 (BAA34124) and LeOH-2 (BAA34125); Nicotiana tabacum, Nty (BAA89316); Lactuca sativa, Ls3h1 (BAA37129); Pisum sativum, PsLe (AAB65829); Cucurbita maxima, Cm3h (CAB92914); Citrullus lanatus, Cv3h (AAF80661). Bootstrap consensus tree based on maximum parsimony, generated using the Protpars program (Phylip package 3.6 version). The bootstrap replicates were 100 (values are given at the nodes). The amino acid sequence of GA 20-oxidase of Hordeum vulgare (Hv20ox1, AY551428) was used as the out-group. The result of the multiple alignment with the sequences is shown in the supplementary data (Fig. 6 ). Table 1 Metabolism of GA 20 and GA 9 by cell lysates from Escherichia coli transformed with pET5b-PcGA3ox1 a Identification of GA products by GC-MS on the basis of the mass spectra of the trimethylsilylester trimethylsilylether derivatives.
Substrate
Compounds formed Retention time (min) Characteristic ions at m/z (% relative intensity of base peak) Localization of PcGA2ox1 mRNA We hybridized the PcGA2ox1 antisense RNA probes with seed sections of 3 mm in length to determine whether PcGA2ox1 mRNA had been present since the early stages of embryogenesis. Fig. 3A shows that PcGA2ox1 mRNA was not detected in any of the tissues of the young seeds. In contrast, PcGA2ox1 transcripts were present in the suspensor from the late globular stage (Fig. 3B) to the heart stage ( Fig. 3C ) but were concentrated primarily within the suspensor neck region. Fig. 3D and E shows that at the early cotyledonary stage, PcGA2ox1 mRNA was detectable in the whole suspensor. No hybridization signals above background level (Fig. 3H and data not shown) were detected in the embryo, cotyledons or in any non-embryonic tissues using a sense probe.
We also hybridized the PcGA2ox1 anti-mRNA probe with seed sections of 13-15 mm in length, to determine whether PcGA2ox1 mRNA was present at the later stages of embryogenesis. Fig. 3F shows that PcGA2ox1 transcripts were present in the suspensor but were concentrated in its large basal cells. PcGA2ox1 mRNA was also visualized in the inner layer of integuments (Fig. 3G) . Fig. 2 PcGA3ox1 mRNA accumulation patterns during runner bean embryo development. Seeds were fixed, embedded in paraffin, sliced into 10 µm sections, and hybridized with digoxigenin-labelled antisense or sense probes, as described in Materials and Methods. Photographs were taken using bright-field microscopy. (A-F) Hybridization of the PcGA3ox1 antisense probe with the globular embryo (A, B), heart embryo (C), early cotyledonary embryo (D, E) and cotyledonary embryo (F). (G, H) Hybridization of the PcGA3ox1 sense probe with the heart embryo (G) and cotyledonary embryo (H). c, cotyledon; e, embryo; ep, embryo proper; es, endosperm; in, integuments; s, suspensor; sb, suspensor basal region; sn, suspensor neck region. Scale bars = 200 µm. Fig. 3 PcGA2ox1 mRNA accumulation patterns during runner bean embryo development. Seeds were fixed, embedded in paraffin, sliced into 10 µm sections and hybridized with digoxigenin-labelled antisense or sense probes, as described in Materials and Methods. Photographs were taken using bright-field microscopy. (A-G) Hybridization of the PcGA2ox1 antisense probe with the globular embryo (A, B), heart embryo (C), early cotyledonary embryo (D, E) and cotyledonary embryo (F, G). (H) Hybridization of the PcGA2ox1 sense probe with the cotyledonary embryo (H). c, cotyledon; e, embryo; ep, embryo proper; es, endosperm; in, integuments; s, suspensor; sb, suspensor basal region; sn, suspensor neck region. Scale bars = 200 µm.
Experiments with cell-free systems
In order to compare the expression of GA 3-and 2-oxidase genes with the enzyme activities present in both tissues, we investigated the metabolism of [
14 C]GA 20 and [ 14 C]GA 1 in cell-free enzyme preparations made from suspensors and embryos at two stages of embryogenesis: heart stage (seeds of 5-6 mm in length) and cotyledonary stage (seeds of 10-11 mm in length).
When [ 14 C]GA 20 was applied to the suspensor extracts from the heart stage, they were able to produce GA 1 and GA 5 (Fig. 4A) , whereas extracts from the cotyledonary stage were unable to metabolize [ 14 C]GA 20 to produce detectable amounts of labelled products (Fig. 4B) . Embryo extracts from both stages demonstrated the ability to produce only GA 1 (Fig. 4C, D) .
When [ 14 C]GA 1 was used as a substrate, the suspensor extracts obtained from both stages were capable of converting GA 1 to GA 8 (Fig. 5A, B) , whereas embryo extracts were unable to metabolize [
14 C]GA 1 (Fig. 5C, D) . To determine the rate of conversion of GA 20 to GA 1 and of GA 1 to GA 8 , the effective specific radioactivity of the [
14 C]GAs applied was calculated accurately taking into account the endogenous GA concentrations, as determined by GC-MS. The rate of conversion of GA 20 to GA 1 (GA 3-oxidase) was 0.78 µg h -1 g -1 in the suspensors, 1.53 µg h -1 g -1 in the heart embryo and 0.75 µg h -1 g -1 in the cotyledonary embryo. The rate of conversion of GA 1 to GA 8 (GA 2-oxidase) was 2.03 and 2.67 µg h -1 g -1 in the young and senescing suspensors, respectively.
Discussion
To gain insight into the regulation of the level of bioactive GAs in developing runner bean seeds, we studied the in situ expression patterns of the genes PcGA3ox1 and PcGA2ox1. GA 3-and 2-oxidase genes are known to play an important role in determining the concentration of bioactive GAs Phillips 2000, Yamaguchi and Kamiya 2000) .
The genes encoding GA 3-oxidase should provide the best indicator for determining the exact site at which bioactive GAs are synthesized, as these enzymes catalyse the final step in GA biosynthesis to produce the bioactive GAs, GA 1 and GA 4 . The GA 2-oxidases directly regulate the level of the active 3β-hydroxylated GAs, such as GA 1 , and their immediate precursors, e.g. GA 20 (Ross et al. 1995) . Thomas et al. (1999) reported the isolation from runner bean seeds of the first cDNA clone encoding a GA 2-oxidase (PcGA2ox1).
We have isolated a full-length cDNA (PcGA3ox1) and its genomic clones from the embryo-suspensor system of developing runner bean seeds. The clone encodes a protein that is homologous to the GA 3-oxidases, which catalyse the final step of GA biosynthesis to produce biologically active GAs.
The PcGA3ox1 protein has conserved regions that are typical of 2ODDs. The function of the enzyme encoded by the cDNA was confirmed by incubating the recombinant protein with [
14 C]GA 20 and GA 9 and identifying the products using GC-MS. The recombinant enzyme catalyses 3-oxidation of GA 20 and GA 9 to GA 1 and GA 4 , respectively. Recombinant GA 3-oxidases from other plant species act principally on C19-GAs (Hedden and Kamiya 1997) . Of the currently known GA 3-oxidases, the PcGA3ox1 protein is most closely related (46% identity) to the GA 3-oxidase (Cv3h) that has been isolated from the developing seeds of watermelons (Kang et al. 2002) . PCR with genomic DNA indicated that runner bean GA 3-oxidase genes are a small family of three genes; however, only one (PcGA3ox1) was detected in runner bean seeds.
The genomic sequence of PcGA3ox1 contains two exons and one intron. The two exons are 1,023 bp long and encode 340 amino acid residues with a molecular mass of 38 kDa. The intron occurs at bp 468 from the start codon and is 134 bases long.
We investigated PcGA3ox1 and PcGA2ox1 mRNA localization patterns from the early stages of embryo development, from the globular to the cotyledonary stage.
We found that the PcGA3ox1 transcripts are detectable specifically over the whole suspensor from the globular stage to the heart stage of embryogenesis. In the embryo proper and in the endosperm, PcGA3ox1 mRNAs are undetectable at the globular stage. These data suggest that only the suspensor actively synthesizes bioactive GAs during the first stage of embryogenesis.
Although definitive data are still lacking, we speculate that the PcGA3ox1 gene may be activated after fertilization and that its mRNA accumulates specifically in the embryo basal cells that are destined to become the suspensor. In P. sativum and watermelon seeds, GA 3-oxidase genes (PcGA3ox1 and Cv3h) were expressed only in pollinated/fertilized ovules (Kang et al. 2002 , Ozga et al. 2003 .
After the heart stage, PcGA3ox1 transcripts are detectable only in the embryo; they specifically accumulate in the cotyledons epidermis, resulting in a higher concentration there than in other embryo regions. This indicates that these cells much more than the cells in other regions of the embryo actively synthesize the bioactive GAs. Similar results were recently obtained in developing pumpkin embryos by Frisse et al. (2003) . In the seeds of legumes, such as faba bean and pea, the embryo epidermis differentiates into a transfer-cell layer, which mediates nutrition uptake during embryo maturation (Bonnemain et al. 1991 , Borisjuk et al. 2002 , Borisjuk et al. 2003 . Direct involvement of GAs in the promotion of assimilate uptake by developing seeds was suggested by Swain et al. (1997) in the GA-deficient lh-2 pea mutant. Lange et al. (1997) reported that mRNA levels for GA dioxygenases in germinating pumpkin did not always correlate with the enzyme activities. The cell-free system from the young suspensor was able to metabolize GA 20 , mainly to GA 1 , but also to a small amount of GA 5 , whereas the cell-free system from both embryo stages converted GA 20 to GA 1 only. Therefore, our results show that the localization of transcripts and protein products of the GA 3-oxidase gene overlap in the young suspensor and in both embryo stages, indicating that these tissues actively synthesize the bioactive GAs.
Cell-free preparations of runner bean embryos have been used to investigate GA biosynthesis and metabolism (Turnbull et al. 1985 , Turnbull et al. 1986 , Malcolm et al. 1991 , whereas our studies provided evidence not only that the suspensor is a rich source of GAs but also that it possesses the enzymatic capacity to synthesize the GAs it contains (Ceccarelli et al. 1981 , Picciarelli and Alpi 1986 , Piaggesi et al. 1989 , Picciarelli et al. 1994 . Turnbull et al. (1985) , however, questioned the data obtained by Ceccarelli et al. (1981) . They argued that it would be difficult, if not impossible, to obtain a suspensor preparation that is completely free of embryo and endosperm and concluded that the GA-biosynthetic capacity was likely to originate almost entirely from the true embryonic tissues rather than from the suspensor. Our present data clearly demonstrate that the suspensor is the site in which bioactive GAs are synthesized.
The GA 2-oxidases are involved in the irreversible conversion of active GAs and their precursors to inactive forms. Evidence for the essential role that GAs play in seed development is provided by the fact that overexpression of pea GA2ox2 in A. thaliana caused seed abortion and reduced fruit size (Singh et al. 2002) .
Transcripts of the PcGA2ox1 gene begin to accumulate specifically in the suspensor neck region earlier than in the suspensor basal region from the late globular stage to the heart stage. The PcGA2ox1 transcripts are distributed at a higher concentration over the whole suspensor at the early cotyledonary stage. No detectable PcGA2ox1 mRNA was present within the embryo or the endosperm at any of the stages of seed development that were analysed. In contrast to our results, Frisse et al. (2003) found transcripts of the GA 2-oxidase gene in all tissues of the pumpkin embryo, except the root apical meristem.
Feeding experiments with cell-free enzyme preparations made from suspensors and embryos demonstrate that the suspensors at both developmental stages are able to metabolize GA 1 to GA 8 . In contrast, the embryos are unable to metabolize GA 1 to a detectable amount of labelled product at either stage.The inability of cell-free preparations made from immature runner bean seeds (10-20 mm in length) to convert GA 1 to GA 8 has also been reported by Malcolm et al. (1991) . In P. vulgaris, enzyme activity for the conversion of GA 1 to GA 8 was detected only in the embryos of mature seeds (Albone et al. 1989) .
Of all the above tissues, and all the stages of embryo development analysed, transcripts and enzyme activities of the GA 2-oxidase gene were found only in the suspensor. This indicates that PcGA2ox1 is involved in maintaining GA 1 at an appropriate concentration in this tissue. These results also indicate that increased synthesis of active GAs, rather than reduced deactivation by 2β-hydroxylation, may play a major role in the increase of active GA concentrations that occurs during the growth of runner bean embryos. This hypothesis is also supported by the observation that the rate of synthesis of GA 1 from GA 20 in the cell-free preparation derived from the embryo is higher than that derived from the suspensor, when both tissues were collected at the heart-embryo stage.
PcGA2ox1 transcripts are also found in the inner part of integuments at the late cotyledonary stage (in seed sections 13-15 mm in length). In maturing pea seeds, Martin et al. (1999) observed a high level of expression of PsGA2ox1 in testa relative to cotyledons. Albone et al. (1984) detected a massive accumulation of GA 8 and its conjugate in the testa of runner bean seeds. The presence of PcGA2ox1 transcripts in the testa indicates that this tissue is indeed a site at which active GA 1 is metabolized to the biologically inactive GA 8 during the last stage of seed growth.
The results reported in the present study demonstrate that the PcGA3ox1 gene, which is the only GA 3-oxidase detected in runner bean seeds, is expressed exclusively within the suspensor at the globular stage. This indicates that the suspensor may be the prime site of synthesis of bioactive GAs in the tissues of the developing seed. Therefore, these results support the old hypothesis that the suspensor is a source of bioactive GAs (GA 1 and GA 4 ) and thus has the potential to control the early stages of embryo development in runner bean seeds (Alpi et al. 1975 ).
The suspensor is almost ubiquitous in angiosperms and, considering the above, it seems clear that to establish the physiological role of GAs during early seed growth, much attention needs to be paid to the regulation of bioactive GAs in suspensor cells.
Materials and Methods

Plant material
P. coccineus plants of the same white-seeded variety that were used in previous studies on GAs (Picciarelli et al. 1994 ) were grown in a field. The embryo-suspensor system was removed from seeds of 5-8 mm in length under a microscope and immediately frozen in liquid nitrogen. The material was stored at -80°C until required.
Nucleic acid isolation
Total RNA was extracted from the frozen embryo-suspensor system of P. coccineus using the RNeasy Plant Mini Kit isolation protocol (Qiagen, K.K., Tokyo, Japan), which contains guanidinium isothiocyanate.
Genomic DNA was extracted from fresh young leaves of P. coccineus using the DNeasy plant mini kit (Qiagen, K.K., Tokyo, Japan).
RT-PCR with degenerate primers
The design of degenerate primers for GA 3-oxidase was based on the conserved amino acid region of GA 3-oxidase of A. thaliana (Chiang et al. 1995) , pumpkin (Lange et al. 1997) , pea (Lester et al. 1997 , Martin et al. 1997 , lettuce (Toyomasu et al. 1998 ) and beans (M. Kobayashi and Y. Kamiya, unpublished results).
The sequences of these oligonucleotides were: sense primer 1-5, 5′-GAATTCATGGCCACTACTCTCTCTGAAGCC-3′; sense primer 2-5, 5′-CTGCAGATGCCTTCACTCTCAGAAGCC-3′; sense primer 3-5, 5′-TTAGAATTCGAATGGAAACTCTAAATGATGCC-3′; antisense primer 1,3, 5′-GAATTCTTAGTTTTGAATGGTGGTAATCAA-AGACAATGC-3′; antisense primer 2-3, 5′-AAGCTTTTATGGCTAT-GGTCCTAGCCC-3′; and antisense primer 3-3, 5′-TGGTCGACAT-CTCAGCATGTTTATTATGGACTG-3′.
RT-PCR was performed using Ready To Go RT-PCR (Amersham Biosciences, K.K., Tokyo, Japan) and total RNA (4 µg) was isolated from the embryo-suspensor system of P. coccineus.
The reaction mixture (50 µl) contained 100 pmol of each primer, 2.0 U of Taq DNA polymerase, 10 mM Tris-HCl (pH 9 at room temperature), 60 mM KCl, 1.5 mM MgCl 2 , 200 µM of each dNTP and Moloney murine leukaemia virus (M-Mu-LV) reverse transcriptase.
The samples were heated at 42°C for 30 min, then 95°C for 5 min. They were then subjected to 40 cycles of 95°C for 1 min, 55°C for 1 min and 72°C for 1 min, with a final extension of 5 min.
PCR with degenerate primers
The above primers were also used for PCR with 50 ng of genomic DNA extracted from the leaves of P. coccineus. PCR was performed using Ready To Go PCR (Amersham Biosciences, K.K., Tokyo, Japan). The reaction mixture (25 µl) contained 50 pmol of each primer, 1.5 U of Taq DNA polymerase, 10 mM Tris-HCl (pH 9 at room temperature), 50 mM KCl, 1.5 mM MgCl 2 and 200 µM of each dNTP.
The samples were heated at 95°C for 5 min and were then subjected to 30 cycles of 95°C for 1 min, 55°C for 1 min, 72°C for 2 min, with a final extension of 4 min.
Cloning and sequence analysis of PCR products
RT-PCR and PCR products were purified by agarose gel electrophoresis and ligated into a pT7-blue vector using the T-Vector protocols (Novagen, Tokyo, Japan). The ligation products were introduced into E. coli JM109 and recombinant clones were selected. The nucleotide sequence of each clone was determined using a Taq cycle sequencing kit (Dye Primer; Applied Biosystems Japan Ltd., Tokyo, Japan) or a gene-specific primer (sense and antisense) and DNA sequencer (model ABI 377; Applied Biosystems Japan Ltd., Tokyo, Japan). The insert was excised from the plasmid as an EcoRI fragment and ligated into the pBluescript II KS (+/-) (Stratagene Japan, K.K., Tokyo, Japan) which had been digested with EcoRI. The ligation products were introduced into E. coli JM109. Recombinant clones were selected and sequenced.
Sequence similarity search and alignment of amino-acid sequences
Homology searches of the database were performed using the Basic Local Alignment Search Tool of the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/blast/). Nucleotide and amino acid sequences were analysed using Clustal W version 1.8 (http://align.genome.jp/). Alignments of amino acid sequences were displayed using the Genedoc program (http:// www.psc.edu/biomed/genedoc/). Phylogenetic analysis was performed using programs from the PHYLIP group, PHYLogeny Interference Package, version 3.6 (Felsenstein 1985) . As support for the trees obtained, a bootstrap analysis, with 100 replicates, was performed by SEQBOOT. The search for most parsimonious trees was done by PROTPARS, and strict consensus trees were obtained by CONSENSE.
Heterologous expression of cDNA clones in E. coli and enzyme assay
The GA 3-oxidase-coding region was subcloned from plasmid PcGA3ox1 by PCR. The following oligonucletides: sense (5′-GGA-TATCCATATGGAAACTCTAAATGATGC-3′) incorporating an NdeI site, and antisense (5′-CCGGAATTCTCAAATCTTAACAAAAGA-GATG-3′) incorporating an EcoRI site, were synthesized and used as primers in a PCR with a plasmid PcGA3ox1 as the template. The amplified product was digested with the above restriction enzyme, purified by agarose gel electrophoresis and ligated into a pET-5b vector (Novagen, Milan, Italy) which had been digested with NdeI and EcoRI. The ligation product was introduced into E. coli BL21, and recombinant clones were selected.
Recombinant clones were grown by shaking overnight at 37°C in 30 ml of LB medium with ampicillin (100 µg ml -1 ). After overnight growth, 1 ml of culture was diluted 150-fold with fresh medium and grown at 37°C. When the OD 600 of the culture reached 0.5-0.6, isopropyl-β-D-thiogalactopyranoside (IPTG) was added to a final concentration of 0.4 mM, and cells were allowed to grow at 37°C for a further 4 h before harvest. Cells were harvested and washed with 100 mM Tris-HCl (pH 7.5) containing 5 mM dithiothreitol (DTT). The washed cells were resuspended in the same buffer plus lysozyme (1 mg ml ; obtained from L. N. Mander, Australian National University, Canberra, Australia) or GA 9 (8.2 µM), in the presence of 1 mM FeSO 4 , 80 mM ascorbate, 80 mM 2-oxoglutarate, 0.32 mg ml -1 bovine serum albumin (BSA) and 1.5 mg ml -1 catalase in a final volume of 125 µl. The reaction was stopped by adding water at pH 3.0 (500 µl) and an equal volume of acetone. GAs were recovered by extraction with ethyl acetate and the supernatant was analysed using HPLC and GC-MS.
HPLC and GC-MS analysis
HPLC analysis was performed on a 250×4.6 mm internal diameter, Nucleosil 100-5N(CH 3 ) 2 column (Macherey-Nagel, Milan, Italy). The column was eluted isocratically with 100% MeOH containing 0.1% acetic acid at a flow rate of 1 ml min -1 . An aliquot of the collected samples was radiomonitored. Radioactive fractions were evaporated in vacuo, trimethylsilylated with BSTFA (1% TMCS) and then analysed by full-scan GC-MS.
GC-MS analysis was performed on a Saturn 2200 quadrupole ion-trap mass spectrometer coupled to a CP-3800 gas chromatograph (Varian, Turin, Italy) equipped with a CP-Sil 8 CB low bleed/MS capillary column (25 m×0.25 mm internal diameter) coated with 5% phenyl 95% dimethylpolysiloxane (Varian, Turin, Italy). The oven temperature was maintained at 80°C for 2 min and then increased to 300°C at a rate of 20°C min -1 . The ion-source temperature was set at 200°C and the capillary interface temperature at 250°C. Full-scan mass spectra were obtained in the EI + mode with an emission current of 10 µA, an axial modulation of 4 V and the electron multiplier set at -1,700 V. Data acquisition was 150-600 Da at a speed of 1.4 scan s -1 . Gibberellins were identified by comparison of full mass spectra with those of authentic compounds.
In situ hybridization
To synthesize a PcGA3ox1 RNA antisense probe, plasmid PcGA3ox1 cDNA was digested with HindIII and the resulting linear DNA was used as a template for the in vitro transcription reaction. The PcGA3ox1 sense probe was cut with XbaI.
To generate the PcGA2ox1 antisense probe, pST32 (a gift from P. Hedden, Long Ashton Research Station, Bristol, UK) containing fulllength PcGA2ox1 cDNA in pBluescript was cut with EcoRI. The PcGA2ox1 sense probe was digested with PaeR7I. To synthesize digoxigenin-labelled probes, in vitro transcription reactions were carried out with [ 11 UTP]digoxigenin using T7 or T3 RNA polymerase (Roche, Milan, Italy). The labelled probes were alkaline hydrolysed to generate approximately 150 bp fragments according to Jackson (1991) .
Individual seeds (3-15 mm in length) were harvested from pods, and were cut at their chalazal ends before fixing, to enhance penetration of the fixative. Tissues were fixed with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) overnight at 4°C, dehydrated, cleared and embedded in paraffin according to Jackson (1991) . Microtome sections (10 µm thick) were mounted on silan-coated glass slides and dried overnight at 40°C. Paraffin was removed through a graded ethanol series and sections treated with proteinase K (1 µg ml -1 ) at 37°C for 30 min and then fixed in 4% paraformaldehyde solution for 10 min at room temperature. The samples were then subjected to acetylation reactions with acetic anhydride in 0.1 M triethanolamine (pH 8.0). Hybridization was carried out at 52°C overnight in a buffer, as described by Jackson (1991) . After incubation, the slides were washed in 0.2× SSC at 55°C for 1 h, treated with RNase (20 µg ml -1 ) at 37°C for 30 min, and then washed again with 0.2× SSC under the same conditions. Hybridized probes were visualized by an anti-digoxigeninalkaline phosphatase conjugate and the colour substrates nitroblue tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate, according to the manufacturer's protocol (Roche, Milan, Italy). The sections were examined under bright-field microscopy using a Zeiss (Milan, Italy) (Axioskop) microscope and the images were captured with a Leica (Milan, Italy) DC100 digital camera.
Cell-free enzyme systems Suspensors and embryos were removed under a stereomicroscope from seeds at two stages of embryo development: the heart stage (5-6 mm in length) and cotyledonary stage (10-11 mm in length). During the collection of the samples, extreme care was taken to obtain embryo preparations that were completely free of the suspensor neck region. Cell-free systems were prepared from suspensors and embryos by grinding in ice-cold 50 mM potassium phosphate buffer (pH 8.0), containing 2.5 mM of MgCl 2 (1 : 2 w/v) with a small pestle and mortar. The homogenates were centrifuged at 3,000×g for 30 min at 4°C. The supernatants were used immediately or frozen in liquid nitrogen until required.
The incubation mixtures contained Fe 2+ (0.5 mM), ascorbate (5 mM) and α-ketoglutarate (5 mM) as cofactors; [17- After mixing, the reactions were incubated for 3 h at 30°C in a shaking water bath. Each incubation was repeated at least twice. At the end of the incubation, mixtures were diluted with 500 µl of water at pH 3.0. An equal volume of acetone was added and the mixture was extracted three times with the same volume of ethyl acetate. All incubations were analysed by HPLC as reported above. Fractions were collected and assayed for radioactivity by scintillation counting. Some fractions were derivatized for the identification of metabolites by GC-MS.
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